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I. INTRODUCTION
Ceramics are used as protective shields against compressive loading because of their high compressive strength and melting point, low density. However, their brittleness, low fracture toughness, poor tensile and shear strength, and vulnerability to fracture limit their mechanical performance under hypervelocity impact. The studies of high strain rate (> 10 4 s À1 ) loading help to improve their performance as the spacecraft shielding against meteoroid and orbital debris and as the armor in weapon system.
Due to an optical transmittance close to 100% sapphire (a-Al 2 O 3 ) is used as an optical window in space-system engineering, defense technology, interferometric, and spectroscopic measurements in shock wave experiments. For the applications mentioned, the integrity and optical uniformity of the material are required. The change of the optical properties of dielectrics induced by shock wave are studied experimentally 1 for many years, including the change of transparency 2, 3 and optical emission 4 from sapphire. The processes limiting the elastic deformation and leading to fracture of sapphire under conditions of dynamic loading are considered in a number of works. 2, 3, 5, 6 Recent shock-wave experiments demonstrate the significant dependence of Hugoniot elastic limit (HEL) on the direction of shock compression and strong heterogeneity of deformation. 3, 6 Plastic deformation results in a significant loss of the tensile strength of both single 6, 7 and polycrystalline alumina. 8, 9 One should also note that the spall strength depends on time interval between the arrivals of the shock wave front and the spall pulse, which is interpreted as a waiting time for appearance of nuclei of plastic deformation and subsequent fracture. 7 However, the connection between the measured values of HEL, strain rate, and activated mechanism of deformation is still not well understood.
So it is important to understand the shock-induced deformation mechanisms and corresponding strain rates in ceramics. However, due to the limited spatiotemporal resolution of the current experimental techniques, little is known about the microscopic processes of deformation and fracture under the hypervelocity impact. Computer simulation can help to understand the mechanisms under such high strain rate loading.
Main mechanisms of plastic deformation in sapphire are dislocation motion on basal, pyramidal, prismatic slip planes and basal, and rhombohedral twinning. The sliding along basal plane has the lowest critical resolved shear stress. The model of basal slip and twinning is proposed in Refs. 10 and 11. In Ref. 12, the core structure of basal dislocation is restored by means of the complex analysis of the experiments and numerical calculation. The mechanism of rhombohedral twinning via propagation of dislocations is discussed in Refs. 13 and 14 based on the quasi static deformation tests. Theoretical models for nucleation of the deformation twins are presented in Refs 15-18. By means of the first principles calculations, the structure and formation energy of basal twin are investigated in Ref. 19 , the energy of the stacking fault of prismatic slip plane is obtained in Ref. 20 . By means of MD the structure of pyramidal dislocation is investigated in Ref. 21 . These results are related to the equilibrium situation and do not take into account the information about the mechanisms of formation of such defects. MD simulations of plastic deformation under shock-wave loading are carried out in Refs. 22 and 23. The complex behavior of sapphire is observed under hypervelocity impact, including sliding along basal, prismatic and pyramidal planes, twin formation, amorphization, and fracture. But the detailed analysis of nucleation of defects is missed.
This work is devoted to the investigation of the mechanisms of plastic deformation under high strain rate deformation. The deformation modes are analyzed from the classical molecular dynamics simulations of the shock-wave loading. In the first section of the paper, the simulation methodology and the results of MD simulations are presented, both homogeneous and heterogeneous (initiated by the crack) nucleation of defects are discussed. The second part is devoted to the detailed analysis of mechanism of heterogeneous nucleation within classical MD model. The activation conditions for the mechanism described are verified by means of first principles (electron density functional theory (DFT)) calculations in the third part. The results of both MD and DFT simulations are summarized in the conclusion.
II. MD SIMULATIONS OF SHOCK-WAVE LOADING
A. MD model MD model to study the activation of the plastic flow in sapphire mimics a plane shock-wave loading of the single crystal, the method widely used in experiments due to its well controlled characteristics and relative simplicity for interpretation. The MD simulation box comprises an impactor and a target (Fig. 1) . The length of the impactor (in the collision direction) equals 1/4 of the length of the target. Two dimensional periodic boundary conditions are used in the perpendicular directions. The cross-sectional dimensions of the impactor and the target are equal. In the most simulations presented here an impact takes place along the ½0001 crystallographic direction of a-alumina, so-called c-cut orientation. However the other orientations of the free surfaces have been considered as well. The total number of particles in the simulation varies up to 24 Â 10 6 ions. The many body interaction potential is used to describe the interaction in aÀAl 2 O 3 . 24 The potential takes into account the ionic and covalent nature of bonds by including screened Coulomb, charge-dipole, Van der Waals interactions, steric repulsion, and three-particle potential for bond bending and stretching. The MD calculations are carried out by the LAMMPS 25 package. The analysis of the structural changes is made on the basis of coordination number within oxygen sublattice. In the defect free sapphire, the oxygen sublattice is close to a hexagonal close-packed structure. The neighbors sphere radius is chosen to comprise 12 nearest neighbors for each oxygen ion in the ideal reference (sub)lattice. During the plastic deformation the structure of the oxygen sublattice changes 11 thus providing an easy and efficient way to analyze deformation mechanisms.
On the preparatory stage of the simulation, the system is relaxed to a prescribed temperature T ¼ 300 K and zero stress tensor. Then a certain velocity u imp in the collision direction is added to particles of the impactor. So the initial state corresponds to the moment when the impactor strikes the target. The values of u imp lie in the range of 0.5 and 8 km/s. Impact results in the formation of two shock waves, which propagates in opposite directions from the contact surface. One of them is reflected as a rarefaction wave by the free surface of the target. It results in the formation of a finite compressive pulse propagating in the ½0001 direction.
The dependence of the elastic wave velocity on the particle velocity is shown on 
B. Homogeneous nucleation
Plastic deformation under shock wave loading starts in a defect-free single crystal when the impactor velocity is higher than approximately u imp ¼ 8 km/s (Fig. 3) . The deformation takes place along pyramidal slip planes by the homogeneous nucleation of rhombohedral twins right behind the shock wave front and their following growth. The surfaces of twins in the f10 12g planes are bounded by circles, the twin width is equal to the separation between neighbor f10 12g planes (approximately 4 Å ). The nucleation of such twins is also observed under hypervelocity impact in MD calculations. 23 The value of nucleation rate can be estimated as a number of embryos of loops, which appear in the fixed volume during the fixed time interval. In the case considered, this value is equal to 10 7 1=(s Â ion). The nucleation rate depends drastically on the shear stresses. The critical impactor velocity for activation of nucleation is 7.5 km/s, which corresponds to the value of longitudinal stress r zz ¼ 150 GPa and deviator r d ¼ r zz À ðr xx þ r yy Þ=2 ¼ 45 GPa. The critical resolved shear stress is equal to about s ¼ r d =2 ¼ 22 GPa, which is close to the value 25 GPa, estimated by means of first principles calculations. The propagation velocity of defects can be estimated from the consecutive snapshots (Fig. 3) . The estimated value is about 5 km/s. One should note the rhombohedral twins disappear in the release wave in agreement with the simulations of hypervelocity impact. 23 The disappearance of the twins upon unloading results in the formation of numerous point defects. The reversible twinning has been observed in situ (using quasi-static tensile straining and high-resolution transmission electron microscopy) in pure aluminum, 27 with the mechanism of twinning/detwinning via propagation of partial dislocations.
C. Heterogeneous nucleation
The other mechanism of plastic deformation is observed under shock-wave loading of the sapphire with the microcrack (Fig. 4) . The microcrack is cut out in the system on the preparatory stage so that the shock wave front reaches the crack just about 1 ps after the beginning of the propagation. Crack sizes in OX, OY, and OZ directions are equal to 80 Å , 3 Å , and 13 Å . Interaction of the shock wave with the crack results in a formation of intersecting defects of a new type on the crack surface. They are linear (one dimensional) and the defect structure can be represented as two shifted chains of oxygen ions. The directions of defect location and propagation correspond to pyramidal slip system -10 11 h i. The crystallographic orientations of the slip system and the propagation direction are very close to the properties of the screw prismatic dislocation. But the line integral of the elastic displacement around the dislocation is equal to 0, so the new defect is not the dislocation.
The tip of the new defect follows directly the shockwave front (Fig. 4) . The structure transition occurs in the very front, so the z coordinate of the tip of this defect is equal to the position of the shock wave front (Fig. 5) . The growth of the linear defects in lateral directions is observed later, behind the front. It takes place at the lower velocity and results in formation of rhombohedral twins.
The critical impactor velocity for activation of the defects described is 6 km/s, which corresponds to the value of longitudinal stress r zz ¼ 120 GPa and deviator r d ¼ 35 GPa. The shock wave front plays an important role in the formation of the linear defect. If we cut the same microcrack in the compressive wave behind the front, the effect vanishes: No linear defects are activated. So it seems that a uniaxial compression on the shock wave front participate in a structural transformation on the tip of the linear defect. The orientation of the crack is important also. If we cut the microcrack along OY axis, the effect diminishes. The effect also diminishes in the case we cut the nearly spherical void.
Fast growth rate of defects produced by the shock loading of sapphire have been recorded experimentally. 4 The average growth rate of a circularly expanding defect (recorded by a shock-wave-induced optical emission) has been estimated as 3-4 km/s in. 4 One should note that the emission in this experiments varies depending on the orientation of the impact plane. Along with ½0001 impact direction, the other crystallographic orientations have been tested in MD simulations too. In the case of f01 12g impact plane (so called r-plane) the formation of new linear defects is not observed. Such behavior is very similar to the result of the experiments 4 that the r-plane orientation produces less emission intensity than the other two orientations.
III. THE MECHANISM OF TWINS FORMATION
The interaction of shock wave with the microcrack results in a formation of new linear defects. This does not lead to a sufficient plastic deformation due to small relaxation volume. But it activates the formation of twins. So plastic deformation is realized as a two stage process (Figs. 4  and 6 ). At the first stage, new linear defects are formed on the shock wave front starting from the microcrack surface, thus propagating with the shock front. Corresponding propagation speed of the linear defect exceeds the velocity of an elastic shear wave. Similar conditions have been discussed earlier for motion of dislocations during shock compression (see Ref. 28 , and references therein). However, the structural transformations leading to a formation of the linear defect under discussion are local and long-range changes in the strain field will take place further.
At the second stage, the rhombohedral twins grow from the primary defects and combine with each other. The propagation velocity of twin in lateral directions is lower than propagation velocity of the linear defect. The twins nucleated from the same linear defect combine in one twin, since they belong to the same slip plane. So the new linear defect can be considered as the transition state before formation of twins.
A. The first stage
The basic features of the structure transitions can be concluded from direct MD simulation of the process under consideration. However the detailed mechanism and conditions of the transitions can be specified from the molecular statics calculations, i.e., minimization of the total potential energy, starting from the system with the atoms displaced in accordance to the tentative mechanism. Moreover, the lattice should be compressed in one dimension. MD simulations of the shock wave loading shows that the first stage consists in the displacement of oxygen ions in the direction ½01 1 1. The approximate displacement is 1Å . Two chains of oxygen ions aligned along ½01 1 1 and lying in the same slip plane f01 12g are involved in the movement. Figure 7 demonstrates the ions displacements, which result in the formation of a new linear defect from defect free sapphire lattice. One should note the defect is not exactly linear, but consists of two adjacent parallel chains.
The relaxation of such structure to the minimum potential energy results in an additional displacement of the chain of aluminum ions in the opposite direction to the displacement of oxygen ions. However, the shift distance is much smaller. The growth of the defect is provided by interconsistent displacements of ions on defect tip.
B. The second stage
The strings of the linear defect activate the formation of a rhombohedral twin (Fig. 8) . The growth of twin takes place by additional displacement of two oxygen chains (aligned in adjacent f01 12g planes) in the direction ½0 111. Two oxygen chains stay intact between two displaced in opposite directions (all of them are shown in Fig. 8 ). The position of aluminum ions does not change significantly during energy minimization. It is worth to note that the structure thus formed is very thin (just 6 oxygen chains lying in neighbor f01 12g planes) due to linear structure of primary defect. To form the planar defect, the twin structure should propagate in the planes f01 12g (in direction normal to the Fig. 8(a) ): similar displacements of neighbor chains are required. The equilibrium structure of twin is shown on Fig. 8 .
IV. VERIFICATION OF NEW MECHANISM BY FIRST PRINCIPLES CALCULATIONS
According to the observed mechanism of linear defect formation, the displacements of oxygen and aluminum ions in opposite directions are required. Charge transfer thus formed is regarded as very energetically unfavorable and should be analyzed in more details. To verify if this is a general mechanism, or just an artificial feature of the interaction potential involved, we carried out first principles calculation of the formation energies of the defects and compared them with the calculations using the potential for classical MD.
Ab initio calculations of intrinsic defects in Al 2 O 3 are performed using the ab initio total energy and molecular dynamics program VASP (Vienna ab initio simulation package). 29, 30 The projector augmented-wave 31 The calculations using classical interatomic potential are carried out by the optimization of the structure by means of minimization of the potential energy. The same configuration of the calculation cell as for first principles calculations is used. But it is worth to note that the supercell sizes a and b are different and correspond to the classical potential equilibrium state. Figure 9 (a) shows the dependence of the formation energy of the linear defect from an ideal crystal on the longitudinal stress r zz . The direction of OZ axis coincides with the ½0001 crystallographic direction. The formation energy is calculated by the following formula:
where E defect is the total energy of the system with defect, E ideal the total energy of the defect free crystal, N d number of displaced ions in a chain. The cell size along ½0001 is the same for an ideal lattice and one with defect. The stress dependence of the formation energy can be divided into three regions with relation to stability. At stresses below the 90 GPa the defect is unstable, which means that it is impossible to observe the linear defect formation in a weak shock wave. There is no even local energy minima corresponding to oxygen chains displaced under small uniaxial compression. And once shifted they will relax back to an ideal crystal. The linear defect is metastable between 90 and 120 GPa and can disappear after a while. If the stresses are larger than 120 GPa, the defect is stable with relation to transition to defect free lattice. Figure 9 (b) shows the formation energy of the rhombohedral twin. The formation energy is calculated by the same formula as above. The value is negative for all stresses considered, which implies that under uniaxial compression, the twin is energetically favorable than defect free lattice. Also the twin is more energetically favorable than the new linear defect, hence the linear defect once formed will transform to the twin. The latter is observed in MD simulations of shockwave loading.
The results of first principles and classical calculations demonstrate similar behavior of the formation energy of defects with the increasing stress. One can conclude that the fast mechanism of twin formation (with an intermediate linear defect) is realistic.
V. CONCLUSIONS
The atomistic simulation of shock-wave loading of sapphire is carried out by means of MD simulation. The plastic deformation of defect free crystal occurs by nucleation of rhombohedral twins on the shock front and following growth. The estimated values of nucleation rate is 10 7 1/(s Â ion) and propagation rate is around 5 km/s.
A fast mechanism of twinning is revealed under shockwave loading of sapphire with microcrack. Rhombohedral twins nucleate and grow as the result of the two stage process. At the first stage the formation of the new type of linear defect takes place. One should note the following features of the first stage: (i) The structure transition takes place in a shock wave front and initiated at the microcrack surface; (ii) the configuration of the new defect is close to linear, it consists of two oxygen chains displaced in ½01 1 1 direction; (iii) the new defect propagates fast, the tip of linear defect follows directly the shock-wave front.
At the second stage the transition from the linear defect to plane rhombohedral twin occurs: (i) Twins appear from the linear defects by the heterogeneous nucleation; (ii) twins nucleated on the same linear defect can combine into the one twin; and (iii) growth rate of a single twin in lateral direction is smaller than propagation rate of the new linear defect. The schemes of ions displacements corresponding to the first and second stages are determined. To verify the mechanism, the first principles calculations are carried out to obtain the formation energy of the defects. Linear defect is unstable at low stresses and cannot be activated by a weak shock wave. The twin is much more stable under compression. The first principles calculations are in a good agreement with the classical one and confirm the ability of two stage mechanism observed by MD simulation of shock-wave loading. 
